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1 Introduction
The study of neutron stars, or more general compact stars, is a topic of central interest
in nuclear astrophysics. Furthermore, neutron stars serve as the only physical systems
whose properties can be used to infer information on cold and dense matter at several
times nuclear saturation density. Therefore, neutron star physics is ideally suited to
complement the studies of ultra-relativistic heavy-ion collisions that sample strongly
interacting matter at high temperature and relatively small net baryon density.
In general, in order to pin down or at least constrain the properties of dense
matter, accurate measurements of neutron star properties like masses, radii, rotational
frequency, and cooling behavior are needed. Here, in relatively recent times the
reliable mass determination of the pulsar PSR J1614-2230 of M = 1.97± 0.04M [1]
has introduced an important benchmark for modeling stars and strongly interacting
matter. It puts constraints on the structure of compact stars and possible exotic
phases in the core of the stars as will be discussed in this article. In order to investigate
this point we will consider a model for star matter that includes hyperonic and quark
degrees of freedom, and present results for compact star properties in the following.
2 Hadronic Model Approach
In our approach we combine hadronic and quark degrees of freedom in a single model,
wherein all those degrees of freedom interact via mesonic fields. This or some similar
form of integrated description of hadrons and quarks is necessary for a realistic phase
structure of strongly interacting matter. In contrast to calculations that combine
separate models for hadrons and quarks, which introduces a first-order transition be-
tween the two phases, here one can describe not only first-order phase transitions
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between hadrons and quarks but also second-order and cross-over transitions. This
is necessary for modeling hadronic and quark regimes over the whole range of tem-
peratures and densities, since we know from lattice QCD results that at low chemical
potential the transition is a cross-over.
Our studies are based on a hadronic flavor-SU(3) model that includes the lowest
SU(3) multiplets for baryons and mesons. A detailed discussion of this ansatz can be
found in [2, 3]. Assuming a linear coupling of mesonic fields and baryons, the various
coupling constants can be determined by the three independent SU(3)-invariant terms
with their corresponding parameters g1, g8, and α:
LBW = −
√
2g8 (α [BOBW ]F + (1− α) [BOBW ]D)
−g1/
√
3 tr(BOB)tr(W ) (1)
with the F and D-type couplings
[BOBW ]F = tr(BOBW −BOWB)
[BOBW ]D = tr(BOBW +BOWB) . (2)
Here, B and W are the SU(3) baryon and meson multiplets. The Dirac matrix O
depends on the quantum numbers of the specific mesonic multiplet, i.e. in the case
of a scalar coupling O is the unit matrix and for vector mesons O = γµ.
The baryon-vector meson interaction (0th component), which is the dominant
interaction term at high densities, then reads
LInt = −
∑
i
ψi[γ0(giωω + giφφ+ giρτ3ρ) +m
∗
i ]ψi, (3)
summing over the baryons i. The term includes the interaction with the non-strange
and strange vector mesons ω, ρ and φ. The various couplings are related to g1, g8,
and α via Eq. (2). The effective baryon masses m∗i are defined by the expression
m∗i = giσσ + giζζ + giδδ + δmi , (4)
with the scalar non-strange isoscalar field σ, isovector field δ as well as the scalar
field with hidden strangeness ζ. There is also a small explicit mass term δmi. In
addition, there are self-interaction terms for the mesons that lead to non-vanishing
vacuum expectation values of the scalar fields. These in turn generate the masses
of the baryons through Eq. (4), and create an attractive potential in matter. This
hadronic model has been successfully applied in nuclear structure, heavy-ion, as well
as nuclear astrophysics calculations [4, 5, 6].
2
3 SU(6) and SU(3) symmetries
Taking into account baryonic particles beyond nucleons in the description of the neu-
tron star, especially hyperons, is a logical extension of a standard SU(2) description
of nuclear matter. A problem often encountered in calculations of hyper stars is that
the additional degrees of freedom lead to a substantial softening of the equation of
state and subsequently to small star masses well below the 2 solar mass value (see,
e.g. [7, 8, 9]). However, hyperons in neutron stars cannot just be disregarded, as
from measurements of hyper nuclei it is known that at least the Λ baryons are bound
by about 30 MeV at saturation density, and therefore hyperons should be part of a
comprehensive model.
As a commonly used guiding principle for choosing the coupling parameters of the
various hyperons to the vector mesons a useful and natural assumption is the choice
of SU(6) symmetry of flavor and spin following the ideas of universality and vector
meson dominance. In this limit there is only one invariant coupling of the vector
meson fields to the baryonic [56] multiplet (which also contains the spin 3/2 baryonic
decuplet). Therefore, the general SU(3) coupling scheme Eq. (2) with the three
parameters g1, g8, and α is simplified by the SU(6) relations between the parameters:
α = 1 , g1/g8 =
√
6 . (5)
This leads to the following couplings of the baryons to the ω meson:
gNω = −3g8 , gΛω = gΣω = −2g8 , gΞω = −g8 (6)
and to the φ meson
gNφ = 0 , gΛφ = gΣφ = −
√
2g8 , gΞφ = −2
√
2g8 . (7)
Eqs. (6, 7) correspond to simple quark counting rules for the coupling. At high den-
sities the repulsive interaction dominates over the scalar attraction. Increasing the
singlet coupling strength g1 (by keeping gNω constant) leads to increased repulsion
in the hyperon sector, which in turn suppresses the hyperon fraction. This then has
the effect of a relative stiffening of the equation of state and larger star masses as
was discussed, e.g. in [10]. On the other hand, however, there has been an extensive
experimental effort to determine the strange quark contribution to the vector form
factor of the nucleon in parity-violating electron-nucleus scattering experiments (see.
[11] for a review). The results clearly show that the strangeness contribution is very
small (below 3 percent and consistent with 0). Theoretical modeling shows a natural
direct link between the nucleonic vector strangeness content and the nucleon-φ cou-
pling, which also turns out to be very small [12]. Therefore, there is strong evidence
for a small coupling of the φ meson to the nucleon. However, following the SU(3)
3
symmetric couplings in Eq. (2) , the general expression for gNφ is
gNφ =
√
2
3
(4α− 1)g8 − 1√
3
g1 , (8)
which is zero for the choice Eq. (5), but becomes large for bigger deviations of g1
from its SU(6) value. Therefore, breaking SU(6) but keeping SU(3) might generate
larger star masses well beyond 2 solar masses, but it will lead to inconsistencies with
the experimental findings. A similar situation occurs with regard to the baryon 3/2
multiplet. In refs. [6, 13] we extended the model by including the baryonic spin 3/2
decuplet. Because of the mass of those particles only the ∆ baryons can potentially
occur in compact stars. A natural coupling choice of the ∆ baryon to the omega
field would be to a assume the same value as for the nucleons, in accordance with
SU(6). We have studied the impact of changing the ∆ coupling parameter to smaller
values in ref. [13]. The results show that a deviation of this value by more than 10
percent would reduce the maximum star mass below phenomenological values. This
finding, of course, only holds in our specific chiral model. However, as the ∆ baryons
contain a large number of spin-isospin states (n=16), a significantly reduced vector
repulsion for the Delta would most likely lead to a strong softening of the equation of
state in any approach (similar results have been found in the analysis of quasi-elastic
electron-nucleus scattering [14]). Therefore, also in the case of the decuplet the choice
of SU(6) seems reasonable.
4 Hadronic Stars
In our hadronic model, using SU(6) couplings we determine masses and radii of com-
pact stars by solving the Tolman-Oppenheimer-Volkov equations for a static and
spherically symmetric star in the usual manner [15, 16]. The results (Fig. 1) show
maximum star masses up to 2.12 solar masses for a purely nucleonic star, and a
maximum mass of 2.06 M including hyperons [6]. Thus, the addition of hyperons
does not result in a significant lowering of the star masses. A major reason for this
behavior is illustrated in Fig. 2. The figure shows the maximum star mass as function
of the coupling strength of the hyperons to the φ meson relative to the value used
for Fig. 1. Reducing the coupling, one can observe a significant drop of the mass to
a value of about 1.65 M in the case of vanishing coupling. This clearly illustrates
that model descriptions, which include hyperons but do not take into account the
corresponding repulsive effects due to strange meson exchange, will have problems
with a strong softening of their equation of state of star matter, and in consequence
obtain significantly reduced star masses. However, the occurrence of the repulsive φ
meson field is a natural consequence of any flavor SU(3) model.
A different way of implementing chiral symmetry in an effective hadronic La-
grangian is based on the so-called parity doublet model. Within this approach the
4
Figure 1: Mass-radius diagram for compact stars with different baryonic degrees of
freedom. Results for a star including nucleons, nucleons and hyperons, and in addition
the spin 3/2 decuplet are shown, respectively [6].
baryonic degrees of freedom are extended to doublets (B+, B−) with relative oppo-
site parity. Within such an approach, chiral symmetry restoration results in the onset
of degeneracy of both parity partners. The details of the approach are outlined in
[17, 18]. Effectively, the basic difference of this approach is a modified expression for
the effective baryonic mass, which for isospin symmetric matter reads
m∗i (±) =
√
[(gσiσ + gζiζ)2 + (m0 + nsms)2]∓ g′σiσ ∓ g′ζiζ . (9)
with different masses for the two parity states ± . The term nsms represents the
explicit mass due to the strange quark content of the respective baryonic state. The
parity-doublet models allows for a chirally-invariant mass term m0 as the parity viola-
tion of the mass term from one component of the doublet is compensated by the other
one, in the same way as it is the case for the chirally invariant combination σ2 +pi2 of
the scalar and pseudo scalar fields in linear σ models. The doublet formulation also
introduces a second set of coupling constants g′ that generates the mass splitting.
From expression Eq. (9) one can see that for vanishing scalar fields the states are
degenerate. In the case of the nucleon a likely candidate for such an opposite-parity
state is the N(1535) resonance. There are some states which might be the corre-
sponding counterparts in the hyperon sector ([17]), but this question has not been
settled. For simplicity we assume the same mass gap for all baryons and their parity
partners. One can check for the consequences if one assumes that the opposite-parity
nucleonic state is not the N(1535) but another, potentially broad, state with different
mass. The results for the behavior of the scalar condensate σ field as function of
baryochemical potential for a range of possible masses mN(−) are shown in Fig. 3.
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Figure 2: Maximum mass of a hyper star as function of the coupling strength (nor-
malized) of the hyperons to the φ vector field. Turning off the coupling leads to a
drastic lowering of the mass.
One can observe that for a mass above ≈ 1470 MeV a first-order phase transition
occurs in the dense system.
5 Including Quarks
Expanding the investigation of neutron or hyper stars to hybrid stars that also include
quarks in the core region often leads to rather small star masses. As an example this
can be seen in Fig. 4, where the resulting mass-radius diagrams of hybrid stars are
shown. Here, a standard baryonic equation of state G300 [19] has been connected to a
simple equation of state of the MIT bag model. The values of the bag constants have
been used in such a way as to make sure that nuclear matter is still the ground state of
matter (and not quark matter). One can observe a reduction of the maximum mass,
which is 1.8 solar masses in the case of purely baryonic matter for this specific equation
of state. The onset of the quark phase softens the equation of state significantly due
to the bag constant, which for large bag constants even leads to a cut-off of the
spectrum of stable stars at the onset of the quark phase in the center of the star,
rendering hybrid stars unstable.
In general, the parity-doublet approach leads to an equation of state which tends to
be rather stiff. Including relativistic Hartree corrections can ameliorate this behavior
to some extent [26]. Following the original discussion of introducing quarks, the
results in Fig. 6 were obtained without quark vector-meson coupling. If one includes
this coupling one can increase the maximum mass of the star to phenomenologically
consistent values also for the case (B) with relatively low compressibility. This is
shown in Fig. 7 for different coupling strengths.
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Figure 3: Behavior of the scalar field σ normalized to its vacuum value. Results for
different parameter sets corresponding to different masses of the parity partner of
the nucleon are shown. A switch from a cross-over phase transition to a first-order
transition can be seen for masses larger than about 1470 MeV.
Figure 4: Mass-radius diagram for a hybrid star with a MIT bag equation of state
for non-interacting quarks. The kink is generated by the onset of the quark phase.
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Figure 5: Same as Fig. 4 but including effects of a repulsive quark-quark interaction.
The quark interaction strength is increased going from parameter sets C to A. For
details on the parameters, see [21].
Figure 6: Mass-radius diagram of compact stars in the parity-doublet quark-hadron
approach. Two parameter sets are shown with different compressibilities of the nu-
clear ground state. In addition, the corresponding results for proto-neutron stars with
a temperature of 30 MeV are shown [18].
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Figure 7: Mass-radius diagram for zero-temperature stars in the parity-doublet model
including repulsive quark vector-meson interactions. The influence of the quark-vector
coupling gqω on the attainable maximum masses is shown.
However, including (repulsive) interaction effects in the quark phase can change
this figure as originally discussed in [20]. The interaction makes the equation of state
of the quark phase look more ”hadron-like”, leading to a smoother transition to a
hybrid star. Fig. 5 shows the results of a calculation including quark interactions
[21]. As one can observe, increasing the interacting strength leads to higher mass
stable hybrid stars.
To overcome the inherent problems of connecting two separate equations of state
for hadrons and quarks, as they were discussed in Section 2, we have extended our
hadronic approach introduced in the previous sections to include quarks in a consistent
approach [22, 23, 18]. This is done by linearly coupling non-strange (q) and strange
(s) quarks to the mean fields as in the case of baryons, Eq. (4):
m∗q = gqσσ + δmq m
∗
s = gsζζ + δms . (10)
A coupling of the quarks to the Polyakov loop Φ is introduced in a similar way as
in PNJL quark models[24, 25]. Their thermal contribution to the grand canonical
potential Ω reads:
Ωq = −T
∑
i∈Q
γi
(2pi)3
∫
d3k ln
(
1 + Φ exp
E∗i − µi
T
)
(11)
and a corresponding term for antiquarks. In addition there is a potential for the
Polyakov loop, with parameters fitted to quenched lattice QCD results [25]. For an
in-depth discussion of this approach, see [23]. Fixing parameters and performing a
star calculation leads to results shown in Fig. 6. The graph shows two fits with
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Figure 8: Taylor coefficient c2 of the expansion of the pressure with respect to baryon
chemical potential. In addition to lattice QCD results [28] the model results for
vanishing quark vector interaction (full line) and for a value of gqω =
1
3
gNω (dashed
line) are shown. One can observe a significant deviation from lattice results for non-
vanishing vector coupling [27].
compressibilities κ = 330 and 525 MeV, respectively with corresponding maximum
star masses of 1.75 and 1.96 M. One can observe the kink in the curves, signaling
the first-order phase transition in this model.
Thus, also in such an approach one can achieve a large-mass hybrid star by stiff-
ening the quark equation of state. However, the introduction of a strong vector
interaction term for the quarks leads to severe problems for the description of the
system at low chemical potentials. This can be seen by comparing results of the first
non-vanishing Taylor coefficient c2 of the expansion of the pressure p in terms of the
quark chemical potential µq over temperature T:
c2(T ) =
1
2
∂2(p(T, µq)/T
4)
∂(µq/T )2
∣∣∣∣∣
µq=0
. (12)
Figure 8 shows a comparison of lattice data for c2 with the model. One can clearly
observe a large disagreement of the model results and lattice data for a substantial
vector coupling. These results were obtained in our specific quark-hadron model
approach as described above, however the general drop of the curves with increasing
quark vector interaction holds for any of the usual NJL, PNJL, or Dyson-Schwinger
approaches [27]. This point remains a major problem for a successful description of
massive hybrid stars with a substantial quark core and still needs to be addressed in
10
the future.
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